Myelodysplastic syndrome (MDS) is a clonal disorder of hematopoietic stem cells. To investigate whether chromosomal instability and/or DNA repair defects are involved in the development of MDS, we measured the micronucleus (MN) frequency in peripheral blood lymphocytes exposed to various doses of X-rays, using a cytokinesis-block micronucleus assay. The spontaneous MN frequencies in RAEB and RAEB-T patients were significantly higher than those in normal individuals (P = 0.0224, P = 0.008, respectively). Also, the X-rayinduced MN frequencies in RA/RARS, RAEB, and RAEB-T patients were significantly higher than those in normal individuals (P = 0.007, P = 0.003, P = 0.003, respectively, at 2 Gy). In order to elucidate the cause of unusual radiosensitivity, we measured the expression levels of nucleotide excision repair (NER) genes in peripheral blood mononuclear cells using a RT-PCR method. Reduction of NER gene expression was found in only one of 10 patients with low risk MDS, but in four of 11 patients with high risk MDS. Our data suggest that chromosomal instability and DNA repair defects may be involved in the pathophysiology of disease progression of MDS.
Introduction
The clinical characteristics of myelodysplastic syndrome (MDS) are dysplastic hematopoiesis and an increased risk of leukemic transformation. A multistep pathogenesis may be involved in the onset of MDS and these clonal evolutions. 1 The initial genetic event underlying these pathogeneses occurring in hematopoietic stem cells is as yet unknown. Because clonal chromosomal aberration occurs at the level of hematopoietic stem cells in nearly half of MDS patients, 2 chromosomal instability is thought to be one of the mechanisms generating the onset of hematopoietic cell abnormalities. Genomic and chromosomal instability may be promoted by a failure in either caretaker or gatekeeper systems for damaged DNA. 3 When chromosomes fail to be incorporated into daughter nuclei during mitosis, they form micronuclei (MN) in the cytoplasm. 4, 5 MN originates either from a chromosome fragment or a whole lagging chromosome with centromere that are not included in the main daughter nuclei during nuclear division. Although the fate of MN with centromere is not determined, an increase in the frequency of MN is one of the hallmarks of chromosomal instability. 4, 5 The key advantage of the MN assay is relative ease in scoring large numbers of cells to those typically used for metaphase analysis. In patients with ataxia telangiectasia, Fanconi's anemia, or Bloom's syndrome, all well known chromosomal breakage syndromes, MN were frequently observed in peripheral blood cells, especially after exposure to DNA-damaging agents such as radiation or chemotherapeutic drugs. [6] [7] [8] [9] These findings suggest that the enumeration of spontaneously arising and radiation-induced MN may well be an especially useful, straightforward method of evaluating genomic instability in MDS cells.
A preliminary epidemiological study demonstrated that atomic bomb survivors have an excess relative risk for MDS per sievert of 13. 10 The observed relative risk of those exposed to A-bomb radiation is much higher for MDS than those for malignancy; excess relative risks for leukemia and all other malignant neoplasms were found to be 3.81/Gy and 0.29/Gy, respectively, in the Life Span Study on A-bomb survivors. 11 We hypothesized that the high excess relative risk for MDS might be caused by the selective effect of A-bomb radiation on people having a genetic proneness to MDS, and that the genetic proneness leading to chromosome instability in the MDS clone might be manifested in otherwise normal lymphocytes in MDS patients. In order to test this hypothesis, we investigated the spontaneous and X-ray-induced MN frequencies in peripheral blood lymphocytes of MDS patients. We observed that lymphocytes in MDS patients showed a higher frequency of MN. The present result supports our hypothesis, and is compatible with findings in a previous report that one effect of A-bomb radiation on the pluripotent stem cell was an increase in chromosome instability in its descendant MDS clone and in a sizable fraction of otherwise normal lymphoid cells.
Materials and methods

Subjects
For analysis of micronuclei, 23 patients (age range: 44-83 years, mean age 67.4 years, 11 with RA, one with RARS, five with RAEB, and six with RAEB-T) were recruited from Hiroshima City (Table 1 ). All patients except three (Nos 2, 18 and 20 in Table 1 ) were exposed to the atomic bomb radiations. Two patients (Nos 2 and 20) were the early entrants to an exposed area in Hiroshima. RA/RARS patients were free from prior chemotherapy. Five normal volunteers were used as controls (two males and three females, age range 61-76 years, mean age 68.5 years).
Chromosome analysis
Chromosomes were analyzed using a modified GAG-banding technique after short-term cultures of bone marrow samples, as described previously. 12 Chromosomes were classified according to the 1985 International System for Human Cytogenetic Nomenclature. 13 Peripheral blood samples were collected after informed consent was obtained. 
Micronucleus assay
Heparinized whole blood (2 ml from each donor) was diluted five-fold in RPMI-1640 medium (Gibco, Grand Island, NY, USA) supplemented with 20% FCS (Boehringer Mannheim, Mannheim, Germany). The cell suspension was divided into four aliquots, poured into plastic tubes and exposed to 0, 0.5, 1.0 and 2.0 Gy of X-rays at room temperature, as previously described. 5 Cells were then incubated in the presence of phytohaemagglutinin (PHA HA15; Murex Biotech, Dartford, UK, final concentration 1.7%) at 37°C in a humidified atmosphere of 5% CO 2 in air. Cytochalasin B (final concentration 3 g/ml; Sigma Chemical, St Louis, MO, USA) was added to the cultures 42 h later, and the cells were further incubated for another 24 h. Cells were harvested, washed once with Ca ++ and Mg ++ -free PBS buffer (PBS (−)), and finally suspended in 5 ml of PBS (−). Carnoy's fixative (5.5 ml; methanol:glacial acetic acid 3:1, v/v) was added to the cell suspension and cells were fixed for 15 min without agitation. Drops of the cell suspension were then placed on glass slides and stained with 2% Giemsa solution. The MN frequencies in 1000 binucleated cells per sample were scored under a microscope (×1000). The criteria for scoring the micronuclei were similar to those reported by Fenech and Morley.
14,15 The X-rayinduced MN frequencies was calculated by subtracting background MN frequencies from MN frequencies in exposed cells.
Total RNA extraction
Mononuclear cells were separated from peripheral blood with Phycol-Paque (Ficoll-Paque PLUS; Amersham Pharmacia Biotech, Uppsala, Sweden: catalogue No. 17-1440-02) gradient centrifugation. Total RNA was extracted from mononuclear cells according to the instruction of TriZol (GIBCO BRL, Grand Island, NY, USA; catalogue No. 15596-018). The RNA was dissolved in RNase-free water and not digested with DNase. RNA quality was checked by running 1g of the sample on 1.8% agarose gel.
RT-PCR method for the comparison of NER-and ␤-actin-mRNA expression levels
The mRNAs corresponding to the human nucleotide excision repair genes (NER) were amplified by RT-PCR method with primer sets which were reported by Cheng et al. 16 The forward and reverse primers ACN-F (5'CAACACCTT CTACAATGAG3') and ACN-R (5'GGTCTCAAACATGAT CTG3') were designed for human ␤-actin (GenBank X00351 J00074 M10278) which was used to monitor the amount of RNA. The product lengths were 273 bp for ERCC1, 171 bp for ERCC3, 462 bp for ERCC5, 215 bp for XPC and 117 bp, respectively. Two hundred ng of total RNA was mixed with primers in mRNA Selective PCR Kit Ver.1.1. (Takara, Japan; catalogue No. RR025A), and incubated at 42°C for 30 min. PCR reactions were carried out for 25 cycles of 85°C for 1 min, 47°C for 30 s, 72°C for 30 s, and a final extension at 72°C for 10 min. Because the kit contains the dGTP analogue-:dITP, that decreases hydrogen bonding between bases, the denaturing and annealing temperature could be decreased. 17 By virtue of lowering the denaturing temperature, a small amount of DNA contaminating the RNA samples could not be PCR-amplified. Ten microliters of RT-PCR products were loaded into each well of an 8% acrylamide gel and electrophoresed.
Statistical analysis
For the purposes of statistical evaluation, patients with RA and RARS were analyzed as one group. Estimates of micronucleus frequencies between patients with clinically different disease subgroups were carried out, using the chi-square and MannWhitney tests. 18 In all statistical calculations, a P value of <0.05 was considered significant.
Results
Chromosomal analyses
Results of cytogenetic analyses of bone marrow cells are summarized in Table 1 . Aneuploidy was observed in 10 of 23 MDS patients. Chromosome aberrations were observed in three of 12 patients with low risk MDS (RA and RARS groups), and six of 11 patients with high risk MDS (RAEB and RAEB-T groups). In general, del (5q) is found in half of RA, and the distribution of chromosome aberrations in RAEB/RAEB-T is clearly nonrandom. 19 In this study, however, only one of the RA patients (sample No. 7) showed the del (5q) change, and high frequencies of complex karyotypes were found not only in RAEB/ RAEB-T patients but also in RA/RARS patients.
Micronucleus assay
The spontaneous MN frequencies in peripheral lymphocyte cells of MDS patients, especially from the subgroup of RAEB and RAEB-T, were significantly higher than those of normal individuals (Figure 1a) . The X-ray-induced MN frequencies increased in parallel with radiation doses in all cases including normal controls. However, the MN frequencies in all three groups of MDS patients were significantly higher than those in the normal control group (P < 0.01, Figure 1b) . Radiation sensitivity increased along with the severity of MDS clinical subtypes. It is plausible that prior chemotherapy may modify radiation susceptibility in RAEB and RAEB-T patients.
NER mRNA expressions by RT-PCR
In order to elucidate the cause of unusual radiosensitivity, we measured the expression levels of four NER genes (ERCC1, Figure 1 Micronucleus (MN) frequencies in MDS patients. (a) Spontaneous frequencies of micronuclei in different diagnostic subgroups of MDS. (b) X-ray-induced micronucleus frequencies. Peripheral blood was exposed to various doses of X-rays. Induced frequencies were obtained by subtracting background MN frequency from MN frequency in exposed cells.
Leukemia ERCC3, ERCC5 and XPC) in peripheral blood mononuclear cells using a RT-PCR method (Figure 2) . No reduction of ERCC 1 or ERCC 3 mRNA expression was found in any of the patients with RA/RARS (n = 10), and ERCC5 mRNA expression was reduced only in one (No. 9). However, reductions of NER gene expressions were found in four out of 11 patients with RAEB or RAEB-T (Table 2 ). Our results suggest that DNA repair defects may be involved in the pathophysiology of disease progression of MDS.
Discussion
Aneuploidy has long been identified as one of the end points representative of so-called genomic instability, 19 and is believed to stem from an imbalance in chromosomal segregation, 20 which results from the unusual amplification of centrosomes 21 and/or the dysfunction of centromeres/ kinetochores. 22 Aneuploidy has been frequently observed in hematopoietic cells of MDS patients ( Table 1 ). The total aberration frequency (65.2%) in our patient groups was almost the same as those previously reported (60% and 73%, respectively). 19, 23 In this study, a high frequency of −7 or complex karyotypes was found (54.5%) in our RAEB/ RAEB-T patient group. Complex karyotypes were seen not only in the RAEB/RAEB-T group but also in the RA/RARS group of our MDS patients. Since the complex karyotype might be associated with chromosomal instability, it is noteworthy that spontaneously and radiation-induced MN formation increased with disease progression (Figure 1) . Collectively, it was demonstrated that disease progression in MDS is closely associated with chromosomal instability.
It is still unknown at which cell stage of development a pathogenetic event leading to MDS occurs; ie in the pluripotent hematopoietic stem cell or its descendant hematopoietic stem cell. Early studies of two G6PD heterozygotes showed that a single isoenzyme was expressed in multiple hematopoietic lineages including lymphoid cells. 1 Recently, various molecular techniques, including identification of ras point mutations and the use of X-linked polymorphisms, showed that peripheral granulocytes, monocytes, erythroid cells, and platelets was derived from abnormal clones. [24] [25] [26] [27] On the other hand, the involvement of lymphoid cells has remained controversial. In this study, we show that chromosomal instability and radiosensitivity are involved in lymphocytes of MDS patients. Given the high frequency of spontaneously arising micronuclei, our results suggest that genomic or chromosomal instability is high in MDS patients. Most of the patients in the RAEB and RAEB-T groups had been treated with chemotherapy or radiotherapy for other malignant diseases. Because micronuclei can be induced not only by radiation but also by some kinds of chemical mutagens, some micronuclei in lymphocytes of RAEB and RAEB-T patients might have been induced by therapy. However, because none of the RA/RARS patients in this study had undergone any chemotherapy, unusual radiosensitivity in these cases might be due to intrinsic chromosomal or genomic instability.
Genomic instability or chromosomal instability is frequently observed in human cancer predisposition syndromes such as ataxia telangiectasia, Fanconi's anemia, and Bloom's syndrome. [6] [7] [8] [9] These patients' cells have congenitally acquired high radiosensitivity and deficiencies in NER and DNA-mismatch repair. Since genomic instability or chromosomal instability is a common feature of malignant cells, errors in DNA repair genes have long been proposed to play an important role in neoplasia. 28 There are several DNA repair pathways that can be divided according to the type of DNA damage repaired, including DNA double-strand break (DSB) repair, nucleotide-excision repair (NER), DNA-mismatch repair, and base-excision repair. It was recently reported that deficiencies of the Mre11/Rad50/Nbs1 protein complex, which plays a central role in DNA DSB repair, are associated with genetic instability and predisposition to malignancy. 29 In this study, we focused on NER genes, based on a recent study demonstrating that expressions of genes associated with stressresponse signaling or DNA repair, such as ADKN1AC (CIP1/WAF1), XPC, DDB2, and PCNA, were found by cDNA microarray analysis to be increased in peripheral blood lymphocytes after exposure to ionizing radiation. 30 In this paper, we demonstrated that lymphocytes of MDS patients have a higher radiosensitivity than those of normal individuals, and that expression of NER genes expressions such as ERCC or XPC were frequently reduced in MDS patients. Notably, these abnormalities were clearly co-related with disease progression from RA/RARS to RAEB/TAEB-t in MDS patients. These results suggest that the high radiosensitivity in MDS lymphocytes is associated with NER deficiencies.
Our epidemiological study demonstrates that the excess relative risk of MDS is very high in atomic bomb survivors. 10 Imamura et al 31 found that the incidence of MDS was increased in Chernobyl accident survivors. It is intriguing that radiation selectively affects people who have a genetic proneness to MDS. The nature of this proneness is currently unknown, but it seems to increase genomic and chromosomal instability in the MDS clone and otherwise normal lymphoid cells in aged people. Radiation by itself induces genomic instability in irradiated cells. The interaction of radiation and genetic proneness may account for the unusually high relative risk of A-bomb survivors for MDS. On the other hand, the present result can be interpreted to suggest that A-bomb radiation affects the pluripotent stem cell and gives rise to the MDS clone in bone marrow and a sizable fraction of peripheral lymphocytes. Further study is needed to elucidate the mechanisms of genomic instability in MDS clones and peripheral lymphocytes.
In conclusion, our data suggest that both chromosomal instability and DNA repair defects are involved in the pathogenesis of MDS. The mechanism of these tendencies in MDS patients must be elucidated in future works. However, the evidence observed in this study indicates that the control of chromosomal stability might be impaired in multipotent stem cells in MDS patients, and that chromosomal instability and defective DNA repair may underlie the pathophysiology of the disease.
